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1
META-HARDENED FLIP-FLOP

FIELD OF THE INVENTION

The present invention relates to synchronizing asynchro-
nous signals and particularly to a meta-hardened circuit for
use with a bi-stable latch.

BACKGROUND OF THE INVENTION

Most digital systems have at least one asynchronous
input. For example, a computer can have a power-on reset
signal, an 1nterrupt signal or a data signal being mput at a
frequency independent of the system clock. All such systems
must synchronize the asynchronous input signal to the
system clock before utilizing the input signal.

One method of synchronizing the input signal to a system
clock 1s to use a bi-stable latch or storage element. A tlip-flop
1s one such bi-stable storage element. A conventional flip-
flop requires that an input signal, usually a data signal, have
a minimal setup time. Setup time 1s the amount of time the
input signal must be stable before the system clock transi-
tions to store the input signal in the flip-flop. The 1nput signal
must also remain for a minimal hold time, which 1s the
required time for the output signal of the flip-flop to change
state to the value of the input signal.

However, since the imput signal 1s asynchronous to the
system clock, an event may occur where either the setup or
hold time will be violated. This event causes the output
signal of the flip-flop to be an unknown state. Further, the
final transition of the flip-flop’s output signal may be abnor-
mally delayed. This phenomenon, known as “metastability,”
can cause errors 1n other circuits that are coupled to receive
the synchronized input signal.

Metastability occurs at a certain time window of the
system clock transition. Referring to FIG. 1, the graph shows
a tlip-tlop propagation delay versus a data mnput timing. The
left side of the graph, defined by line 10, shows the 1nput
data signal transition occurring well in advance of the setup
fime and clock transition. This condition causes an output 12

of a flip-flop to become stable after a normal propagation
delay T, as 1illustrated in FIG. 1.

Metastability occurs m a time window T . During time
window T, the input data signal transitions within a certain
fime before or after the transition of the system clock. As a
result, output signal 12 is delayed for a time T, It the input
signal violates the hold time, output 12 may not follow the
input signal, as shown at 14. For a further discussion, please
refer to Hoang Nguyen, How to Detect Metastability
Problems, ASIC & EDA, February 1993, which 1s incorpo-

rated herein by reference.

As designers push circuit frequencies to 200 MHz, one
arca of concern 1s how metastability will affect system
reliability. The increasing frequencies have an adverse effect
on the mean time between failures (MTBF) due to synchro-
nization failures caused by flip-flop metastability. The
MTBF increases exponentially with the clock and data rates.
Sce the referenced article supra.

Various circuit design methods have been used to improve
the MTBF of the tlip-flop. Such methods include reducing
the load at the master transmission gate, or using different
types of transmission gates. The improvement gained in the
MTBF by using these methods 1s insignificant. Another
method uses two clock cycles, which exacts a time penalty
that 1s disadvantageous for high-speed systems.

A need exists for a flip-flop circuit that reduces the effect
of metastability while increasing the MTBEF. The present
invention meets this need.
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2
SUMMARY OF THE INVENTION

The present invention includes a meta-hardened circuit
that reduces the effects of metastability. The meta-hardened
circuit preferably includes a pulse generator coupled to
receive a first clock signal and generate 1n response thereto
a second clock signal and an enable signal. A bufler, pref-
erably tri-state, 1s coupled to receive a first data signal and
the enable signal and generate 1n response thereto a second
data signal. A bi-stable device, such as a flip-flop, 1s coupled
to receive the second clock signal and the second data signal.

The pulse generator preferably includes a combining
device, such as a NAND gate, coupled to receive the first
and the second clock signals and to output the enable signal.
The pulse generator preferably further includes a delay
device, such as an 1nverter, coupled to receive the first clock
signal and generate the second clock signal.

The buffer preferably includes at least one tri-state
inverter outputting the second data signal in response to
receipt of the first data signal and the enable signal. The
tri-state buffer further preferably includes a keeper circuit
coupled to maintain the second data signal.

The present 1invention also includes a method to reduce
the metastability effects. The method preferably includes the
step of generating a delay between a second data input signal
and a second clock signal that i1s greater than a delay
between a first data mput signal and a first clock signal. The
step of generating preferably occurs 1n one clock cycle. The
method also preferably includes generating an enable pulse
by generating a second clock signal 1n response to a first
clock signal and combining the first and second clock
signals to generate the enable signal.

The method preferably further includes generating a sec-
ond data input signal 1n response to a first data input signal,
where generating the second data input signal includes
receiving an enable signal. The method preferably includes
the step of generating an output signal 1n response to the
second data input signal and the second clock signal, the
output signal having a reduced metastable effect.

Numerous other advantages and features of the present
invention will become readily apparent from the following
detailed description of the invention and the embodiments
thereof, from the claims and from the accompanying draw-
ings 1n which details of the invention are fully and com-
pletely disclosed as a part of this specification.

BRIEF DESCRIPITION OF THE DRAWINGS

In the drawings,
FIG. 1 1s a graph of flip-flop output propagation delay
versus data mput timing;

FIG. 2 1s a schematic diagram of a meta-hardened circuit
according to the present 1nvention;

FIG. 3 1s a wavelform diagram for a conventional flip-flop
in a normal region;

FIG. 4 1s a wavetorm diagram of a meta-hardened flip-
flop utilizing the present invention 1n a normal region;

FIG. 5 1s a wavelform diagram for a conventional flip-flop
in a metastable region; and

FIG. 6 1s a waveform diagram of a meta-hardened tlip-
flop utilizing the present invention 1n a metastable region.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

While this mvention 1s susceptible of embodiment in
many different forms, there 1s shown in the drawings and
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will be described herein 1n detail a specific embodiment
thereof with the understanding that the present disclosure 1s
to be considered as an exemplification of the principles of
the 1nvention and 1s not to be limited to the specific embodi-

ment described.

FIG. 2 shows a meta-hardened flip-flop 20 according to
the present invention. Meta-hardened tlip-tflop 20 1ncludes a

meta-hardened circuit 100 and a flip-flop 160. Although
flip-flop 160 1s a functionally conventional D-type flip-flop,

other bi-stable latches or storage elements can be used.
Meta-hardened circuit 100 includes a pulse generator 110
and a tri-state mnput butfer 140. Pulse generator 110 includes
a delay circuit 112 coupled to a combiner circuit 120. Delay
circuit 112 preferably includes three mverters 114 that are
coupled to a node 115 which receives a first clock signal
from a lead 116. A delayed inverted or second clock signal
1s generated by delay circuit 112 and output onto lead 118.

As preferred and illustrated 1n FIG. 2, combiner circuit
120 includes n-channel transistors 122, 124 and p-channel
transistors 126, 128 coupled together to form a two-input
logic NAND gate. Combiner circuit 120 1s coupled to
receive both the first clock signal and the delayed inverted
or second clock signal via respective leads 116 and 118 as
inputs to the NAND gate. Combiner circuit 120 provides an
enable signal on a lead 134 which 1s a pulse having a width
that corresponds to the time delay between the transition of
the first clock signal and the delayed inverted or second
clock signal. Lead 134 provides the enable signal to inverter

136, where 1t 1s inverted and output on a lead 138 to a node
139. Node 139 1s coupled to mverters 136, 142 and tri-state

input buifer 140 via lead 138. Combiner circuit 120 includes
arithmetic or Boolean functions.

Lead 118 provides the delayed inverted or second clock
signal to an inverter 130. Inverter 130 1nverts the second
clock signal and outputs 1t to a node 131 as a flip-flop clock

signal. Node 131 provides the tlip-flop clock signal on a lead
132.

Tri-state 1put buffer 140 includes a tri-state inverter
circuit 144 coupled to a keeper circuit 145. Tri-state inverter
circuit 144 preferably mcludes two tri-state iverters 146.
Tri-state inverters 146 are coupled to receive a data input
signal from a lead 148 via a node 149, and an 1inverted enable
signal (pulse) and its complement on leads 138 and 150,
respectively.

An 1nverted or second data input signal that 1s output from
fri-state mverter circuit 1s provided on a lead 152 to keeper
circuit 145 and an mnverter 154. Keeper circuit 145 prefer-
ably 1ncludes two long-channel length inverters 147. A first
inverter 147 1s coupled to receive the inverted data input
signal via lead 152 and to provide an inverted output to a
second mverter 147. Second 1nverter 147 outputs a delayed
inverted data signal onto lead 152, which maintains a
voltage of the mverted or second data input signal at node
152. Inverter 154 provides a delayed or tlip-tlop data signal
on a lead 156 via anode 153.

A data mput D of tlip-flop 160 1s coupled to node 155 via
lead 156 to receive the delayed or tlip-tlop data signal. A
clock 1nput CK of flip-flop 160 1s coupled to node 131 via
lead 132 to receive the tlip-tlop clock signal. A reset input
RB of flip-flop 160 1s coupled to receive a reset signal via a
lead 162. The reset signal 1s asynchronous to the first clock
signal and preferably 1s active low.

Flip-flop 160 provides signals from outputs Q and QB on
respective leads 164 and 166 in response to the second data,
second clock and reset signals. Flip-flop 160 1s illustrated as
a D flip-tlop with reset and positive edge triggered, such as
a thip-tlop designated as DFFRP available from a Symbios

Logic Inc. standard cell library.
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4

Inverters 114, 130, 136, 142, 147 and 154 each include a
p-channel and an n-channel transistor. Inverters 147 each

include two p-channel and two n-channel transistors. Meta-
hardened flip-flop 20 preferably 1s coupled to a 3.3 V power
supply and to a ground, as known 1n the art.

The operation of meta-hardened tlip-flop 20 can best be
explamed with reference to FIGS. 3—6. Referring to FIG. 3,
the normal operation of a flip-flop without metastability
protection will be explained. A data input signal D begins to
transition from low to high at 5 ns. A clock signal CK begins
to transition from low to high at 7 ns. An output signal Q
begins to transition at about 7.3 ns 1n response to the data
mput and clock signals. A delay 300 of about 0.676 ns 1s
realized.

The normal operation of meta hardened flip-tflop 20 that
provides a normal output delay will be explained with
reference to FIG. 4. A voltage at node 149, which corre-
sponds to an 1nput data signal, transitions from low to high
at 5 ns. A voltage on lead 152 transitions from high to low
which causes a delayed or flip-flop data signal voltage at
node 155 to transition from low to high.

A voltage at node 115 that corresponds to the first clock
signal transitions from low to high at 6 ns. In response to the
transition of node 115 voltage, a positive (enable) pulse
voltage 1s generated at node 139 that has a pulse width of
approximately 0.76 ns. The voltage at node 139 enables the
tri-state mnverter circuit 144 to enter a tri-state mode. In this
mode, tri-state iverter circuit 144 will not allow a voltage
on lead 152 from transitioning in response to a transition of
the data input signal on lead 148. Keeper circuit 145
maintains the voltage on lead 152 low, which maintains the
flip-flop data signal voltage at node 155 voltage high.
Keeper circuit 145 functions to prevent the voltage on lead
152 from floating when tri-state inverter circuit 144 1s 1n the
tri-state mode.

A tlip-flop clock signal voltage at node 131, which 1s a
delayed first clock signal of about 0.81 ns, transitions from
low to high at approximately 6.64 ns. Flip-flop 160, 1n
response to receiving the voltages at nodes 155 and 131,
transitions the Q output on lead 164 from low to high at
approximately 7.1 ns.

Referring to FIG. 5 and Table 1, a metastable state of a
conventional D flip-flop will be explained. Table 1 records
simulation values for a conventional D flip-flop. From the
values of Table 1, the Q output of the flip-flop 1s 1 a
metastable region when the setup time 1s less than or equal
to 200 ps. Thus, the time window value tw equals 200 ns —84
ns=116 ns. The simulated flip-flop of Table 1 had a simulated
load of 0.11 pt, a Vdd of 3.3V, a clock period minus setup
time of 9.8 ns, a data input frequency of 25 MHz and a clock
frequency of 100 MHz. The MTBF 1s approximately 3.664x
10*° for the simulated flip-flop.

TABLE 1

Setup time (ps) Propagation Delay {(ns) Normal delay/Metastable delay

2000.00 0.676192 normal delay
200.00 0.764884 metastable delay
100.00 0.851794 metastable delay

86.00 1.380982 metastable delay
84.00 1.885511 metastable delay
34.929 1.979923 metastable delay
84.828 2.301044 metastable delay
84.82804 2.415904 metastable delay

FIG. 5 illustrates a metastable region for the flip-flop
where the setup value 1s approximately 83 ps and the
propagation delay time T, 1s approximately 2.375 ns. The
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propagation delay time 1,, 1s calculated from when the
clock signal CK reaches 1.65 V and the Q output reaches 2.8
V.

The same parameters were used for simulating a meta-
hardened flip-flop according to the present invention. Refer-
ring to Table 2 below, the normal propagation delay 1is
increased to approximately 1.49 ns due to the delay of the
first clock signal at node 131. However, the extended or
propagation delay time T, for the meta-hardened flip-tlop
1s approximately 1.53 ns versus the approximate 2.41 ns
delay for the conventional tlip-flop represented in FIG. §.
The MTBF for the meta-hardened flip-tlop of the present
invention is approximately 4.896x10°’, an increase of better
than 10°* times over the conventional flip-flop. The simu-
lation recorded in Table 2 utilized a settling time (clock
period—setup time) of 9.7075 ns.

TABLE 2

Setup time (ps) Propagation Delay (ns) Normal delay/Metastable delay

2000.00 1.490523 normal delay
200.00 1.490523 normal delay
193.00 1.522691 metastable delay
191.600 1.530775 metastable delay
191.46 1.530745 metastable delay
191.4446 1.531733 metastable delay
191.44446 1.531855 metastable delay
191.444446 1.531851 metastable delay

FIG. 6 1llustrates a metastable region for the meta-
hardened flip-tflop of the present invention. At approximately
4.94 ns, a voltage at node 149, representing the 1nput data
signal, transitions from low to high. At approximately 5 ns,
a voltage at node 115 that represents the first clock signal
tfransitions from low to high. At approximately 5 ns also, the
voltage at node 139, corresponding to the enable signal,
transitions from low to high.

At approximately 5.25 ns, a voltage representing the
flip-flop data 1nput signal at node 155 transitions from low
to high. A voltage at node 131 that represents the flip-flop
clock signal transitions from low to high at approximately
5.56 ns. The Q output of D flip-tlop 160 transitions from low
to high at approximately 6 ns. The setup time for the 1nput
data signal 1s approximately 83 ps and the propagation delay
time T ,1s approximately 1.44 ns, much less than the 2.41 ns
delay experienced by the conventional D flip-flop of FIG. §.
The propagation delay time T , is calculated from when the
clock signal CK reaches 1.65 V and the Q output reaches 2.8
V.

As shown 1n FIG. 6, meta-hardened circuit 100 provides
to flip-tlop 160 a data signal on lead 156 that has a setup time
defined by 602. The setup time 602 1s approximately twice
the setup time 600 for the first data input signal. In other
words, meta-hardened circuit 100 increases the setup time
between data signal and clock mputs to a flip-flop. This
increase 1s accomplished 1 only one clock cycle.

The present 1nvention has numerous advantages. As
shown 1n Table 2, the propagation delay converges to a value
of approximately 1.5 ns, whereas the flip-tlop without meta-

10

15

20

25

30

35

40

45

50

55

6

stability protection converges to a value over 2.41 ns. This
reduced delay lessens the effects of metastability.

Numerous variations and modifications of the embodi-
ment described above may be effected without departing
from the spirit and scope of the novel features of the
invention. For example, a negative edge triggered flip-flop
needs a NOR gate in place of the NAND gate of combiner
circuit 120.

It 1s to be understood that no limitations with respect to
the specific device illustrated herein are 1intended or should
be inferred. It 1s, of course, intended to cover by the
appended claims all such modifications as fall within the
scope of the claims.

We claim:
1. A circuit that reduces the effects of metastability of an
asynchronous latch circuit comprising:

a pulse generator coupled to receive a first clock signal
and that generates a pulse at a predetermined time and
delays said first clock signal by a first predetermined
amount; and

a tri-state buffer coupled to receive a first data signal and
said pulse that generates a second data signal that 1s
prevented from transitioning for a predetermined
period after said predetermined time and that delays
said first data signal by a second predetermined amount
that 1s greater than said first predetermined amount,
wherein the second data signal 1s coupled to the asy-
chronous latch circuit.

2. The circuit of claim 1 wherein said tri-state buifer
includes at least one tri-state inverter that 1s disabled by said
pulse and a keeper circuit that maintains the output of said
fri-state inverter.

3. A method of reducing metastable effects that are
produced 1n a circuit that recerves an input clock signal and
an mput data signal asynchronously and which are separated
by a setup time comprising the steps of:

generating a pulse during a predetermined time windows;

preventing a transition of a data signal that 1s applied to
a latch during said predetermined time window by
providing a tri-state bufler that enters a tri-state condi-
tion and a keeper circuit that maintains the output of
said tri-state bufler prior to said tri-state buifer entering
said tri-state condition; and

generating a delay between the data signal applied to said
latch and a clock signal applied to said latch that
reduces metastability, said delay being greater than said
setup time between said input data signal and said input
clock signal.

4. The method of claim 3 further comprising the step of
ogenerating the clock signal that 1s applied to said latch and
that 1s delayed from said input clock signal so that said
tri-state buffer enters said tri-state condition and said output
of said tri-state bufler 1s maintained before said clock signal
1s applied to said latch.
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